This study investigates the influence of Ni-Al coating thickness on the spectral selectivity and thermal performance of a parabolic trough collector (PTC). Three thicknesses of Ni-Al coating for use as solar absorber material were successfully prepared on the outer surface of a stainless steel 316L (SS) tube by flame spray. The phase, morphology, and reflectance (R) of the Ni-Al coatings were characterized using several techniques. The PTC and solar receiver tube were specially designed and constructed for observing the collector thermal performance by following ASHRAE . Looking at the results, the actual average thicknesses of the three Ni-Al coatings turn out to be 195, 215, and 299 μm. The morphology and chemical composition of all three thicknesses are similar. The chemical composition in the cross-sectional view exhibits non-uniform distribution. The three thicknesses of the coating are composed of NiO and Al 2 O 3 phases, which also corresponded to the results of SEM-EDX mapping. The differences in a solar absorptance (α) of the three thicknesses of Ni-Al coating are not statistically significant, with an average α value of 0.74-0.75. However, there are differences in thermal efficiency of the PTC depending on the thickness of the Ni-Al coating. Of the three samples, the thickest one (299 µm) demonstrates the highest ability to convert solar radiation into thermal energy.
Introduction
One type of linear concentrating solar collector is the parabolic trough collector (PTC) which is useful in a wide range of applications where the working temperatures are 50-400 °C [1] . In essence, a PTC consists of a parabolic trough mirror or reflector and a solar receiver tube in the focal line of the reflector. Sunlight falls on the reflector, which focuses it onto the solar receiver tube. The outer surface of the solar receiver tube is coated with solar selective materials to absorb that concentrated sunlight and also any sunlight that falls directly on the tube itself. All the collected radiation is then converted into thermal energy [2, 3] . One important task is the development of a solar selective absorber to achieve high solar absorptance (α) or low reflectance (R) over the whole range of the solar spectrum (300-2500 nm) and low emittance (ε) of long wavelength infrared (IR) radiation at 2.5-20 μm [4] [5] [6] .
At present, there are several coatings that have been used as solar selective absorbers for high-temperature operation of PTC: Pt-Al 2 [4, [6] [7] [8] [9] [10] . In addition, the solar absorber Ni-5Al has attracted considerable attention as a solar selective coating for concentrating solar radiation at high operating temperatures [10] . Ni-Al composite coatings are particularly applied to numerous special applications that required a high melting point, lowdensity (5890 kg m −3 ), high thermal conductivity, excellent anticorrosion, high-temperature oxidation, high thermal stability, and high-temperature mechanical properties [11] [12] [13] . A previous study by this researcher has successfully prepared Ni-Al solar absorber using a flame spray technique, especially, the α of the Ni-Al solar absorber was 0.77 [14] . However, the effect of Ni-Al coating thickness on spectral selectivity and thermal performance of PTC is uncertain at present, and further research in this area is necessary.
In the present study, various thicknesses of Ni-Al coating onto an outer surface of stainless steel tube were prepared by flame spray technique. The effect of the coating thickness on spectral selectivity, including the solar absorptance (α) and thermal emittance (ε), was investigated. The coated tube was then installed into a specially designed PTC, and the influence of coating thickness on thermal performance was determined.
Experiment

Preparation and characterization of Ni-Al coatings
Commercial Ni-5wt% Al powder (450 NS, Oerlikon, Metco, Switzerland) with the spherical shape and size distribution of 45-90 μm was used as a starting material. A stainless steel 316L (SS) tube with inner diameter 27.9 mm, outer diameter 33.33 mm, and length 1000 mm was prepared for later installation as a receiver tube in PTC. To prepare the tube, the Ni-5wt% Al powder was coated onto the outer surface of the SS tube using CastoDyn DS 8000 flame spray equipment (Castolin Eutectic, Switzerland). The flame spray setup and fuel condition for the coating process were previously proposed [14] . The variation of Ni-Al coating thickness was carried out by the flame spray process for 120, 180, and 300 s under the same conditions. These three Ni-Al coatings were characterized to determine their morphology, chemical composition, and phase, using a scanning electron microscope (SEM, JEOL JSM-5910LV) equipped with an energy-dispersive X-ray (EDX) analyzer, an X-ray diffractometer (XRD, PANalytical) with Cu-K α radiation in the range of o . The spectral reflectance (R) was measured using a UV-Vis-NIR spectrophotometer (UV-3101PC, Shimadzu) in the range of 300-2500 nm at room temperature and a Fourier transform infrared spectrophotometer (FTIR, Bruker Tensor 27) in the wavelength of infrared region (2500-25,000 nm). The spectral selectivity of the coatings is explained in terms of the spectral R in the wavelength range of the UV-Vis-NIR and IR regions. The α was determined from the measured R spectrum, as expressed in Eq. (1) [14, 15] , where R(λ) is the observed reflectance spectrum of the coating at a specific wavelength of 300-2500 nm, and I s (λ) is the solar spectral irradiance at air mass (AM) 1.5 [16] .
Design and manufacture of the PTC
PTCs are designed for hot water generation. A parabolic reflector was designed with the length (L) of 1 m and rim angle (φ r ) of 75 o to decrease the collector's surface area, increase flexibility for fabricating a reflector material, and lower reflective material cost. The concentration ratio (C) is calculated from the ratio of the aperture area (A a ) to the receiver area (A r ), as shown in Eq. (2) . In this PTC prototype, the C is fixed at 15.
The aperture width (W a ) of the parabolic trough can be calculated using Eq. (3), where D abs is the outer diameter of the SS absorber tube (OD = 33.33 mm). So, W a is equal to 1.57 m.
The focal distance (f) of this parabolic concentrator was 0.511 m, which is calculated by following Eq. (4). The focal line is very significant because the receiver tube is mounted precisely in this line.
The two-dimensional parabola equation of the parabolic concentrator is shown in Eq. (5). This equation is used to draw a diagram on paper to enable highly accurate design and construction of the parabolic reflector. The dimensions of the parabola trough are summarized in Table 1. A parabolic trough was constructed of wood for its uniform thickness, light weight, and ease of use. The structure was reinforced with fiberglass and coordinate resin to a thickness of 3 mm, to increase the strength, water resistance, damage from pollution and environmental stresses, resistance to wind, termites, and long-term stability [17] . The support of the reflector was made of fiberglass and coordinate resin with a smooth surface that is able to reflect the sunlight with accuracy. A very smooth metal sheet with a thickness of 1 mm was glued on top of the fiberglass surface.
A flexible reflective material in the form of a commercial polyethylene terephthalate (PET) film coated with reflecting aluminum, which is a self-adhesive sticker, with a thickness 0.1 mm and a reflecting rate ≥ 90% (purchased from Benefit K&J associate Co., Ltd., Thailand), was used as a solar reflector. The PET reflector film was carefully mounted on the smooth surface of the metal sheet to maintain a precise solar reflection to the focal line along the parabolic trough.
The solar receiver tube is the most important part of the PTC due to its thermal and optical performance. This performance depends on the solar absorber materials, the prevention of heat loss by the glass envelope tube, the distance between the glass tube and the absorber tube, and the coating materials used on the absorber tube [2] . In this prototype, the solar receiver tube consists of a SS tube coated with three different thicknesses of Ni-Al coating. A glass envelope tube is fitted over the absorber tube. There is a vacuum between the absorber and the glass envelope tube. Coupling joints (made of Teflon) are used to fit the glass envelope tube at both ends to achieve an airtight enclosure and maintain a vacuum inside the solar receiver tube. This is one of the more complicated parts of the construction process. The vacuum is maintained to achieve a high amount of thermal energy in the absorber and to prevent heat loss. Figure 1 shows all the components that are used to assemble the solar receiver tube. On one side of the coupling joint, a pneumatic fitting was connected for evacuating the space between the absorber tube and the glass envelope tube. In addition, Viton O-rings with a thermal stability of 350 °C were assembled inside of the coupling joints to prevent tension between the glass envelope tube and the solar absorber tube due to expansion at high-temperature. The solar receiver tube was evacuated to achieve a vacuum at 4.3 ± 1 kPa. The dimensions of the solar receiver tube in this prototype are summarized in Table 1 .
A solar tracking system is required to enable the PTC to follow the sun (sun travels 15 o /h). In this experiment, a manual solar tracker was installed in the PTC prototype. Because of its simple mechanism, the manual solar tracker is easy to assemble and economical for use in a pilot study for research purposes. The manual solar tracking system consists of a low speed 12 V DC motor with 5 rpm, a high-resolution camera, and an electronic controller. This equipment enhances accuracy while tracking the sun.
Testing the thermal performance of the PTC
In this study, the thermal performance of the PTC was investigated by following ASHRAE with an open-loop testing system in which water is supplied continuously, as shown in Fig. 2 . The thermal performance test is evaluated by recording values of instantaneous thermal efficiency (η), which is calculated from several parameters such as inlet (T i ) and outlet (T o ) water temperature, ambient temperature (T a ), direct solar irradiance (I d ) and mass flow rate ( ṁ ). In addition, all parameters are performed under steady-state or quasi-steady-state conditions. In accordance with the ASHRAE 93-1986 standard, the inlet temperature and mass flow rate of the water were kept at a constant value before being supplied to the PTC, while the water outlet temperature is measured to calculate the useful energy gain (Q u ). The thermal efficiency (η) of a PTC operating under steadystate conditions can be expressed as follows:
where F R is the solar collector heat removal factor, η o is the optical efficiency and U L is the overall heat loss coefficient of the solar collector (W/m 2 · o C). With a PTC operating under steady-state conditions, the factors F R , η o and U L are close to constant. Therefore, thermal efficiency equations (Eq. 6) can be plotted between η against the heat loss parameter (T i − T a )/I d as a straight line, indicating a linear relationship between η and (T i − T a )/I d . The intercept on a vertical efficiency axis is F R η o , which is defined as a maximum of the collector efficiency if the T i is equal to T a . − F R U L /C is a slope of the line, according to the efficiency difference divided by the corresponding horizontal scale difference. The small value of slope implies that a low heat loss from the PTC to the surrounding [18] .
The PTC system with different thicknesses of Ni-Al coating as the solar absorber of the receiver tube was installed at a terrace of the Department of Physics, Faculty of Science, Naresuan University, Phitsanulok, Thailand, as shown in Fig. 3 . The PTC was mounted in a north-south direction, tracking the sun from east to west. T i and T o of water were measured by a type K thermocouple and were recorded 
Results and discussion
Cross-sectional SEM images of the three thicknesses of the Ni-Al coating are shown in Fig. 4a -c. These images show that the Ni-Al coatings were successfully prepared on the outer surface of SS tube using a flame spray technique and an available commercially raw material (Ni-5wt% Al particles). The Ni-Al coating is built up layer by layer as the result of the individual melted Ni and Al particles in the form of splat sprayed from a spray gun. This microstructure is similar to those of Ni-Al composite coatings prepared by other people using the same and other techniques [14, 19, 20] . However, it can be observed that the samples with different thicknesses have different pore sizes and interlamellar porosity. The pores occurred after cutting and polishing the samples, indicating that these areas had a low-density microstructure due to the weak bond between the melted Ni and Al particles. According to previous studies, this is caused by imperfectly melted and un-melted particles of raw materials during the flame spraying process [13, 14] . Moreover, there are cracks at the interface between the Ni-Al coating and the outer surface of the SS tube as the result of a residual stress from the thermal expansion mismatch between the coating and the SS tube. The three thicknesses of Ni-Al coatings are measured, and they have an average thickness of 195, 215 and 299 µm, as shown in Fig. 4a -c. It indicates that the thickness of Ni-Al coatings increases with increasing the spraying time. The SEM images of surface morphologies with various thicknesses of the samples are shown in Fig. 4d-f . The surfaces of all of the coatings have a dark gray color and are relatively rough. These rough surfaces are built up from the high velocity of melted Ni and Al particles forced onto the previous layer by high-pressure spray and temperature. It can be seen that the thickness of the Ni-Al coating layer has an insignificant effect on the degree of surface roughness.
To discuss the chemical distribution on the cross-section area of Ni-Al coatings, typical SEM and EDX mapping analyses are shown in Fig. 5 . As seen on the SEM images, the Ni-Al coatings are overlapped by the splatter of melted Ni and Al particles. There are two contrasting regions, shown as light and dark areas, which can be used to identify the different phases. The EDX analyses show that the crosssection area of all Ni-Al coatings is composed of Ni, Al and Fig. 3 The overview of the PTC prototype using different thicknesses of Ni-Al coating as the solar absorber of the receiver tube O elements with non-uniform distribution, corresponding to Ni-5wt%Al deposits prepared by air plasma spraying [19, 20] . The light gray and gray regions correspond to Ni and Al-rich areas, respectively. However, the O element more evenly distributes over the cross-section area of the sample. O appears to be distributed predominantly in the Al-rich area. As a result of the practical operation of a flame spray To further investigate the phase phenomenon, the Ni-Al coating was characterized by XRD, and the resulting patterns are shown in Fig. 6 . The observed XRD patterns are indexed and compared with Ni, Al, NiO and Al 2 O 3 for the JCPDS database Nos. 4-0850, 01-85-1327, 1-1239, and 47-1292, respectively. As for the available commercial raw material which is produced by mixing Ni and Al powders together, the raw material is indexed as a combination of pure Ni and Al phases. In all the coating thicknesses, the coatings are composed of Ni, Al, NiO, and Al 2 O 3 phases, according to previous studies [14, 19] . The NiO and Al 2 O 3 phases are contained in the Ni-Al coating because of the splatter of melted Ni and Al particles oxidized with oxygen gas in the environment during flame spray operation, corresponding to the SEM-EXD result in Fig. 5 . However, the NiAl, AlNi 3 or Al 3 Ni 5 phases are not found in the Ni-Al solar absorber as a result of low Al content in this coating. This is in good agreement with the Ni-Al binary phase diagram [21] . Figure 7a shows the measured reflectance (R) spectra of the three different coating thicknesses, together with the spectral irradiance at AM 1.5. The R of all the coatings increases slightly with the increasing wavelength. The R is particularly low in the region of high spectral irradiance (400-1000 nm). Over the whole wavelength of the solar spectrum, the calculated solar absorptance (α) of the Ni-Al coating with the thicknesses of 199, 215, and 299 μm is 0.75, 0.74, and 0.75, respectively. These α values of the Ni-Al coatings are larger than those of Ni-5Al solar absorbers and related coatings such as Ni-25 graphite and WC-25 Ni prepared by the thermal spray technique without heat treatment for 6 h at 600 °C [10] . However, the α of this coating is relatively lower than those of commercial solar selective coatings that are prepared using advanced coating technology under vacuum conditions (sputtering, vacuum evaporation, chemical vapor deposition, and pulsed laser deposition) for the high operating temperature of solar thermal applications [5, 6] . Figure 5b shows the spectral R in the wavelength ranges of the IR region. The spectral R of the different coatings is all above 0.95 over the wavelength range of 3.0-17 μm. As can be seen in the results shown in Fig. 5 , the different thicknesses of Ni-Al solar absorber prepared by the flame spray technique have an insignificant effect on spectral selectivity. The spectral R of all the Ni-Al coatings also corresponds to the theoretical property of the selective solar absorber materials. Figure 8 shows the thermal efficiency curves of the PTC when using the different thicknesses of Ni-Al coating on the SS tube, as determined from a measurement based on the ASHRAE standard 93-1986. A thermal efficiency equation of each thickness of Ni-Al coating was calculated with a convenient mathematical tool of a linear least-squares fit established with 50 data points/thickness. As for the thermal efficiency equation, the intercepts ( To discuss the influence of Ni-Al coating thickness on PTC thermal performance in more detail, all parameters related to the thermal efficiency equation should be determined. Fundamentally, optical efficiency (η o ) is the ratio of the amount of energy absorbed by the solar receiver and the amount of incidence solar energy on the solar collector's aperture, which depends on the optical properties of the material design, the geometry of the PTC, and the various imperfections arising from the construction of the PTC [1] . So, the η o is the relationship of the reflectance of the reflector surface (ρ r ) for solar radiation, the transmittance of the glass enveloped tube (τ), the solar absorptance (α) of the solar absorber coated on the receiver tube, the intercept factor (γ), geometric factor (A f ), and the angle of incidence (θ). The η o can be expressed as Eq. 7 [1, 2, 17] .
The γ, defined as the ratio of energy intercepted by the receiver tube to the energy reflected by the parabolic reflector, depends on the receiver size, the errors of surface angle on the parabolic reflector, and the solar beam spread [1] . The A f is expressed as the lost area divided by the aperture area. In this study, the geometry of the PTC and all the equipment was assumed to be perfect for the construction, thus, the γ, A f , and θ were approximated to be 1°, 0° and 0° at normal incidence, respectively. So the term of A f tanθ in the Eq. 7 is equal to zero. The parameters, obtained from the thermal efficiency equation of the PTC using the three different coating thicknesses, are summarized in Table 2 . The ρ r and τ are the material properties of the flexible solar reflector and glass enveloped tube in this PTC construction. The α corresponds to the value of each Ni-Al coating thickness (Fig. 5) . It is calculated that the η o of all the thicknesses is identical, indicating that the η o is independent of the thickness of Ni-Al coatings because they all have a similar α value. In addition, the η o in this present study is close to those values of previous reports [2, 17] . The F R significantly increases with increasing thickness of the Ni-Al coating and reaches 0.769 at the thickness of 299 µm, according to the increasing actual useful energy gain of the PTC. As for the slope of the line of all the thicknesses, the U L significantly decreases with increasing coating thickness, meaning that the heat loss from the PTC to the surroundings is reduced. Looking at the results, increasing thickness of the Ni-Al coatings leads to an increasing F R and a decreasing U L in the thermal energy equation of the PTC. Among the three thicknesses, the Ni-Al coating with a thickness of 299 μm demonstrates the highest thermal performance. Therefore, the thermal performance of the PTC increases with increasing thickness of the Ni-Al coating.
These thermal efficiency equations of the PTC are compared with previous research works, as shown in Table 3 . The current study's intercepts are mostly less than those of previous studies, except for the report of Xu L. et al. [22] . In the case of −F R U L /C parameters, these values are greater than in previous studies. This indicates that the current study exhibits higher heat loss from the PTC to the surroundings. The thermal performance of this PTC is relatively low when compared with those equations in literature reviews, due to lower α of the solar absorber, lower direct solar irradiance (230 ± 30 W/m 2 ), the short length of the PTC (1 m), the simple construction of the PTC prototype, a rather highpressure (4.3 kPa) inside the solar receiver tube of the PTC, and focusing errors due to the manual tracking system.
The Ni-Al coating prepared by the flame spray technique is a good candidate for a solar absorber for concentrating solar collectors, and it can be a guideline for developing solar absorber materials.
Conclusion
A Ni-Al coating of three different thicknesses was successfully prepared on the outer surface of a stainless steel 316L tube (SS tube) using a flame spray technique with Ni-5wt%Al powder as the starting material. SEM and EDX analyses of the cross-section area of the Ni-Al coating confirm that all three thicknesses consist of Ni, Al and O elements with a non-uniform chemical distribution. The O element distributes over the cross-sectional area of the sample and is predominantly in the Al-rich area. Ni, Al, NiO and Al 2 O 3 phases are indexed on the Ni-Al solar absorber. The spectral R of all thicknesses are identical values over the whole wavelength range of UV-VIS-NIR and IR regions, indicating that the spectral selectivity of this coating is independent of its thickness. According to the thermal efficiency equation of the PTC based on the intercept (F R η o ) and slope lines (−F R U L /C), the thermal performance of the PTC increases with increasing thickness of the Ni-Al coating, while the heat loss transfers from the PTC to the surroundings decreases. In conclusion, the Ni-Al coating prepared using the flame spray technique is a very promising candidate for a solar absorber material to use in concentrating solar collectors.
